High-throughput genotyping technologies developed for model species can potentially increase the resolution of demographic history and ancestry in wild relatives. We use a SNP genotyping microarray developed for the domestic dog to assay variation in over 48K loci in wolf-like species worldwide. Despite the high mobility of these large carnivores, we find distinct hierarchical population units within gray wolves and coyotes that correspond with geographic and ecologic differences among populations. Further, we test controversial theories about the ancestry of the Great Lakes wolf and red wolf using an analysis of haplotype blocks across all 38 canid autosomes. We find that these enigmatic canids are highly admixed varieties derived from gray wolves and coyotes, respectively. This divergent genomic history suggests that they do not have a shared recent ancestry as proposed by previous researchers. Interspecific hybridization, as well as the process of evolutionary divergence, may be responsible for the observed phenotypic distinction of both forms. Such admixture complicates decisions regarding endangered species restoration and protection.
[Supplemental material is available for this article.]
High-density single nucleotide polymorphism (SNP) genotyping arrays developed from domestic species can potentially enhance our understanding of population history and relationships of their close relatives. We use the Affymetrix Canine SNP Genome Mapping Array (version 2) to assess long-standing questions about diversification and admixture of charismatic wolf-like canids, including the gray wolf (Canis lupus), red wolf (C. rufus), Great Lakes wolf (C. lycaon or C. lupus lycaon), and coyote (C. latrans). These species are characterized by high mobility and weak patterns of intraspecific differentiation (e.g., Wayne et al. 1992; Roy et al. 1994 Roy et al. , 1996 Forbes and Boyd 1997; Vilà et al. 1999) . Similarly, large dispersal distances have led to the formation of extensive admixture zones in North America, where four morphologically distinguishable wolf-like canids can potentially interbreed: the gray wolf of Old World derivation, the coyote and red wolf (both of which originated in North America), and the Great Lakes wolf. The latter two taxa are of controversial ancestry and species status and readily hybridize with other wolf-like canids ( Supplemental Table S1 ).
Their evolutionary origin has been explained either as a consequence of admixture between coyotes and varieties of the gray wolf, or as parallel evolution of a wolf-like phenotype independently in the New World from a common coyote-like ancestor ( Fig. 1 ; Supplemental Table S1 ). Origin through ancient hybridization or an independent New World evolution might warrant greater preservation efforts and legal protection, whereas origin through recent hybridization would suggest a dynamic evolutionary zone of questionable conservation status, although the ecological significance of such hybrids should also be considered (Crandall et al. 2000; Kyle et al. 2006; Leonard and Wayne 2008) . Specifically, the red wolf is protected as a distinct endangered species under the US Endangered Species Act (ESA) and wildlife management agencies dedicate considerable resources to study, monitor, and protect the red wolf (Phillips et al. 2003) .
The vast majority of genetic studies on wild populations have utilized a small number of genetic markers for evolutionary inference. To better resolve population structure and admixture within wolf-like canids, we assayed 48,036 SNPs in a panel of 208 gray wolves (C. lupus) representing their worldwide distribution (Eurasia and North America), 57 coyotes and 12 red wolves ( Fig. 2 ; Supplemental Table S2 ). To our knowledge, this represents the most extensive SNP survey of any wild vertebrate group and provides an important precedent for testing the power of inferences about population subdivision, admixture, and species origin based on previous more limited genetic surveys ( Supplemental Table S1 ). Our analysis reveals extensive population subdivision despite the high mobility of wolf-like canids. Further, we find strong signals of admixture with coyotes and gray wolves in the genomes of the red wolf and Great Lakes wolf, respectively. This finding implies that these taxa do not represent separately evolving lineages, and suggest that admixture has led to substantial phenotypic variation. Our results demonstrate how genomic tools developed for model species can enable new insights into the evolutionary history of wild relatives.
Results

Utility of the canine array to assess variability in wolf-like canids
The canine genotyping array interrogates variation in SNPs primarily ascertained from comparisons of boxer and poodle genomes, with additional comparisons to sequences from nine other dog breeds, four gray wolves, and a coyote (Lindblad-Toh et al. 2005; vonHoldt et al. 2010) . Less than 2% of the SNPs on the array were ascertained from comparison of genomic sequences from a domestic dog and a wild canid ). Hence, we predict an ascertainment bias of increasing monomorphism with genetic divergence from the discovery panel (e.g., Nielsen and Signorovitch 2003; Conrad et al. 2006; Rosenblum and Novembre 2007) . To assess the severity of this predicted bias, we genotyped species from the wolflike clade, spanning divergence dates to ;4 million years ago ( Fig. 1 ; Lindblad-Toh et al. 2005; Perini et al. 2009 ). We found variation to decrease rapidly with phylogenetic distance from the domestic dog. The dog and its closest relatives, the gray wolf and coyote, had high levels of genomic variation (Fig. 1 ), but species having more than about one million years divergence from the domestic dog had little to no shared variation (e.g., black-backed and golden jackals) ( Fig. 1) . Given the decrease in polymorphism and increase in missingness with phylogenetic distance (Fig. 1 ), both SNP ascertainment as well as the failure of probe-target hybridization likely accounts for the limited utility of the array in distantly related species. Nonetheless, the high levels of segregating genotyped variants in gray wolves and coyotes support the use of the canine SNP array for quantifying genetic diversity in both of these species. (Perini et al. 2009 ). (Inset) Tree depicts admixture hypotheses with dashed lines among North American canid populations ( Supplemental Table S1 ). Map depicts historic species distributions and admixture zone (data from Nowak 2009; Rutledge et al. 2010b) .
We found considerable genome-wide SNP variation at the population level in gray wolves and coyotes (Table 1) . As predicted, large, and/or expanding populations had high levels of SNP variability (e.g., Canadian and Western wolves, H E = 0.24-0.29), including those that are currently hunted (e.g., Russia and Poland/ Belarus wolves, H E = 0.25-0.26) (Table 1) . Overall, the lowest observed heterozygosity was found in captive red and Mexican wolves and in historically bottlenecked populations (e.g., Spain, Italy, red, and Mexican wolves; H E = 0.16-0.18). These results further support the use of SNP data to infer demographic history of wild canids (e.g., Gray et al. 2009 ).
Global patterns of population subdivision
We found principal component analysis (PCA) of individual SNPs clearly discriminates domestic and wolf-like canids on the first two PC axes ( Fig. 3 ; Supplemental Fig. S1 ). PC1 represents a wild versus domestic canid axis, whereas PC2 separates wolves (n = 198) and dogs (n = 912) from coyotes (n = 57) and red wolves (n = 10). Our result shows dogs and gray wolves are genetically distinct (F ST = 0.165). PC2 in this analysis and in a subset of the data demonstrate a geographically based population hierarchy within gray wolves and coyotes (Fig. 3; Supplemental Figs. S2, S3) . First, within gray wolves, Old and New World wolves are distinct. Second, regional geographic groupings in the Old World are evident, such Fig. S3A -C). In contrast, coyotes appear divided roughly into only three primary groupings from the American West, Midwest/South, and Northeast (Supplemental Figs. S2D, S3D-F). Finally, we examined apparent partitions for a reduced set of 710 SNPs ascertained by comparison of only dog and wolf or coyote sequences (Supplemental Fig. S4 ). Although lower in resolution, this analysis finds similar groupings of wild and domestic canids, suggesting that the specific ascertainment scheme does not strongly affect the overall pattern of clustering, a conclusion consistent with previous SNP and haplotype clustering analyses .
Bayesian ancestry inference using the program structure resembles the PCA results, with dogs and wolf-like canids forming the first partitions (K = 2), followed by coyotes and gray wolves (K = 3), Old and New World wolves (K = 4), Italian wolves (K = 5), Mexican wolves (K = 6), Spanish wolves (K = 7), Middle Eastern wolves (K = 8), red wolves (K = 9), and Great Lakes wolves (K = 10) ( Fig. 4 ). However, the red and Great Lakes wolves show consistent signals of admixture with coyotes (light green) ( Fig. 4 ). Midwestern/Southern and Northeastern coyotes show a small degree of admixture with gray wolves (blue) and also with dogs (red) ( Fig. 4 ). All probability intervals for individuals from putatively admixed populations indicated that the admixed assignments were meaningful (90% PI interval >0).
To assess possible population subdivision of nonadmixed populations, we purged our data set of all wolf populations showing evidence of interspecific admixture in structure, and analyzed Old Supplemental Table S2 ). Separate analyses of North American (n = 68) and Eurasian (n = 74) wolves further resolves biologically informative clusters (K = 7; the top layer in plot and New World wolves separately. In the Old World analysis, K = 7 resulted in distinct structure profiles of wolves from Spain, Italy, Eastern/Northern Europe, Southwest Asia and China, and an admixed grouping (two dominant colors) from the Middle East (Fig. 4 ). In the New World wolf analysis, at K = 7, differences in structure profiles suggest regional and habitat groupings of Northern Quebec (Eastern Atlantic forest), Northern Canada near and above the treeline (taiga and tundra), Yellowstone National Park (Rocky Mountain forest), Alaskan and Canadian Northern forest (boreal forest), British Columbian coast (Western Coastal forest), and Mexico (aridlands) ( Fig. 4; Supplemental Fig. S7 ). Mexican wolves are further divided into Studbook and Aragon lineages with the Ghost Ranch lineage appearing as admixed. Similarly, the mixed profiles of Rocky Mountain and boreal forest wolves suggest that they are derived from heterogeneous migrants or are currently experiencing gene flow from other populations. Most of these regional subdivisions are also differentiated in F ST and AMOVA analyses ( Supplemental Tables S3, S4) .
Finally, to examine topological relationships among population groupings, we constructed neighbor-joining trees based on genome-wide allele sharing (Supplemental Fig. S5 ). We excluded wolf populations for which structure analysis suggested substantial admixture with coyotes (see above), as admixture would be expected to cause reticulation in relationship trees (Posada and Crandall 2001; Susnik et al. 2007; Addison and Pogson 2009) . Rooted with the coyote, Old and New World populations are the first division in the gray wolf tree (Supplemental Fig. S5 ). In the Old World, the Chinese population is the first branch (red), followed by groupings of wolves from the Middle East and Southwest Asia (blue), and then a group containing European wolves (green and magenta, Supplemental Fig. S5 ). Within Europe, Northeastern and Southern Europe define separate groupings, and in the latter Bulgaria/Croatia/Greece define a Balkans grouping, whereas Italy and Spain define sister taxa (magenta and orange). In the New World, Mexican wolves are most basal, followed by British Columbian coastal forest wolves, then the Northern Quebec Atlantic forest and tundra/taiga wolves, and finally a mixed grouping of boreal and Rocky Mountain forests wolves. These locality and habitat associations largely support ecotype designations based on previous microsatellite analyses (Carmichael et al. 2007; Musiani et al. 2007; Koblmüller et al. 2009; Muñoz-Fuentes et al. 2009 ). However, in North American wolves, bootstrap support for boreal forest and Rocky Mountain forest groupings is low, and define a somewhat mixed cluster (Supplemental Fig. S5 ). For coyotes, the Northeastern populations are the most divergent grouping (green), followed by clusters of Midwestern/Southern coyotes (red), and lastly, groupings of Western coyotes, for which the easternmost population in Manitoba is most divergent (blue, Supplemental Fig. S5) .
A notable feature of all trees is the high concordance with which individuals cluster to their population of origin. Such precise assignment in a genetic similarity tree was not anticipated given the dispersal ability of wolves and coyotes, and likely reflects the heightened power of genome-wide studies to detect a shared genealogical history within single populations ( Jakobsson et al. 2008; Li et al. 2008 ).
Relationships and admixture of enigmatic wolf-like canids
The evolutionary origin and relationships of the red wolf and Great Lakes wolf are controversial and clouded by admixture with related species ( Supplemental Table S1 ). Our PCA and structure analyses suggest that the red wolf and Great Lakes wolf are genetically differentiated and are unlikely to share a common origin (F ST = 0.11; Supplemental Table S3 ). In a plot of PC1 and PC2, red wolves are genetically similar to coyotes, and on PC2, Great Lakes wolves and Mexican wolves are more similar to North American gray wolves (Fig. 3) . structure analysis consistently assigned ;80% of the red wolf genome to the coyote (light green) ( Fig. 4) , whereas about the same fraction of the Great Lakes wolf genome is assigned to the gray wolf (blue). These contrasting patterns imply that red wolves are predominantly of coyote ancestry, possibly with limited historic hybridization with gray wolves. Moreover, assignments are more variable in Great Lakes wolves, ranging from about 50% to 100% gray wolf ancestry ( Fig. 4 ), suggesting a more heterogeneous process of admixture, with some individuals largely free of coyote ancestry, especially in more western populations (Koblmüller et al. 2009; Rutledge et al. 2010a) . Notably, the distinctive wolves of Algonquin Provincial Park in central Ontario that have the archetypical C1 mtDNA haplotype thought to be representative of the Great Lakes wolf taxon (Wilson et al. 2000; Kyle et al. 2006) have the largest proportion of their genome assigned to coyotes. Finally, in the full analysis, at K = 9 and K = 10, the red wolf (orange) and Great Lakes wolf (dark green), respectively, show a distinct genetic signature that appears analogous to subspecific partitions such as the Mexican wolf ( Fig. 4 ) or other distinct regional populations of wolves (Supplemental Figs. S1-S3).
Analysis of linkage disequilibrium and autozygosity segments
Linkage disequilibrium (LD) is expected to be greater in inbred and admixed populations (Pritchard and Przeworski 2001; Gaut and Long 2003; Tang et al. 2006; Gray et al. 2009 ). To assess LD patterns, we estimated r 2 0.5 , the physical distance at which the pairwise genotypic association (r 2 ) in the 48K SNP data set decays below a threshold of 0.5 ( Fig. 5 ). We found that populations of North American Western wolves (n = 43) and coyotes (n = 25) had low levels of LD (r 2 0.5 < 2 Kb) as expected for outbred, non-admixed populations. These LD values are comparable to previous estimates of LD derived from targeted sequencing (r 2 = 0.5 at <10 Kb) (Gray et al. 2009 ). In contrast, LD was greatest in the Mexican wolf (n = 4; (Kalinowski et al. 1999 ) and the Isle Royale National Park wolf (n = 3, r 2 0.5 > 1 Mb), consistent with known founding bottlenecks and subsequent inbreeding (Gray et al. 2009 ). Likewise, the red wolf has elevated levels of LD (n = 6, r 2 0.5 » 10-20 Kb) ( Fig. 5) , reflecting a founding bottleneck and increased inbreeding in the captive population (average f = 0.04) (Kalinowski et al. 1999) . Large noninbred populations of wolves in the Great Lakes region have slightly lower LD (n = 10, r 2 0.5 » 1-2 Kb) followed by the Northeastern (n = 13) and Midwestern/Southern coyotes (n = 19, r 2 0.5 < 2 Kb) ( Fig. 5) . Finally, LD estimates may be sensitive to sample size (Teare et al. 2002; England et al. 2006 ) and, consequently, we experimented with different sample sizes ranging from three to 10 individuals (Supplemental Fig. S6 ). The results suggest that the Great Lakes wolves have consistently inflated LD, especially longrange LD. However, the rank order of LD in inbred populations such as Isle Royale National Park wolves and the Mexican wolf are not consistent.
To separate the effects of inbreeding and admixture on LD, we examined genome-wide autozygosity, which more directly measures recent inbreeding ). We assessed autozygosity as runs of homozygosity (ROH), and expected proportionally longer ROH in recently inbred populations and the converse in more ancestrally inbred populations . The Isle Royale National Park and Mexican wolves had the highest fraction of autozygous segments across all fragment sizes, as well as the highest r 2 0.5 (Fig. 5 ). The red wolf had elevated ROH relative to the outbred gray wolf and coyote populations; however, the curve was uniformly lower than the extremely inbred Mexican and Isle Royale National Park wolves (Fig. 5 ). Specifically, ROH was elevated for the Mexican and Isle Royale National Park wolves relative to outbred populations throughout the ROH curve, suggesting ancient and recent inbreeding. In contrast, Great Lakes wolves (n = 10) have low ROH, but slightly inflated linkage disequilibrium, suggesting that recent admixture rather than past inbreeding explains higher levels of LD (Fig. 5 ).
Ancestry blocks and assignments
We used the program SABER to assign ancestry of chromosomal blocks based on two or three putative reference ancestral populations. In Great Lakes wolves, red wolves, and Algonquin wolves, we utilized 12 Western gray wolves and 12 Western coyotes as the reference ancestral populations. Because significant dog ancestry was identified in Midwestern/Southern and Northeastern coyotes by structure analyses, we included 12 modern domestic dogs as a third reference ancestor for analysis of these populations (Figs. 3, 6) . For each ancestral individual, all ancestry blocks were correctly assigned to the appropriate parental population (e.g., Fig. 6A ,B,F; Supplemental Tables S5, S6 ). In contrast, we found Great Lakes wolves (n = 18) to have, on average, 14.9% 6 0.3 of their genome assigned to coyotes (range: 13.4%-19.5%, Supplemental Table S5 ). In contrast, red wolves (n = 12) have, on average, 76.1% 6 0.3 of Supplemental Table S5 ). These results suggest that the two entities have distinct genomic compositions and ancestries (e.g., Fig.  6C,D) . Finally, the phenotypically distinct Algonquin wolf (n = 2), suggested as the last remaining population retaining a substantial component of the Eastern wolf genome (Rutledge et al. 2010a ), had a highly admixed genome with an average of 58.1% 6 2.2 derived from gray wolves and the remainder from coyotes (e.g., Fig. 6E ; Supplemental Table S5 ).
The influence of ancestry and admixture is also evident in Northeastern (n = 13) and Midwestern/Southern (n = 19) coyotes. In the former, 8.7% 6 0.6 (range: 6.4%-13.1%) of segments are assigned to gray wolves, suggesting a limited impact of hybridization with Great Lakes wolves as coyotes recently invaded this region ( Fig. 6 ; Wilson et al. 2009; Kays et al. 2010 ; Supplemental  Table S6 ). In the latter, although gray wolves have been absent from the Midwestern/Southern regions of the US for 100 yr or more (Nowak 1979) , we also detected gray wolf ancestry, specifically, on average, 4.1% 6 0.4 (range: 2.1%-6.4%) of the Southern coyote (Alabama, Louisiana, and Mississippi) and 1.4% 6 0.2 (range: 0.3%-2.9%) of the Midwestern (Illinois, Ohio, and Virginia) coyote genome is assigned to gray wolf ( Fig. 6H,I ; Supplemental Table S6 ). These two coyote populations also have assignments to dog ancestry, as the Northeastern coyote has on average 9.1% 6 0.7 (range: 5.2%-12.8%) dog ancestry and Midwestern/ Southern population has 4.4% 6 0.6 (range: 1.9%-8.1%). The highest dog ancestry was identified in Ohio and Virginia (16.7% and 16.9%, respectively; Supplemental Table S6 ). Moreover, the considerable range in chromosome assignments across Midwestern/Southern coyotes suggests a varied history of hybridization (Supplemental Table S6 ).
Timing of initial admixture
We used SABER to estimate the number of generations since admixture (t) (Tang et al. 2006 ). SABER estimates t as a function of the inverse of the average inferred chromosomal block size across all assigned blocks. We estimate 297 6 24 generations (t) since the initial admixture events between Great Lakes wolves and coyotes, which is equivalent to 546 to 963 yr ago assuming a 2-3-yr generation time ( Supplemental Table S5 ). This ancient admixture suggests that hybridization events began prior to the recent invasion of coyotes into the Great Lakes area (Wilson et al. 2009; Kays et al. 2010 ). In the red wolf, the initiation of admixture with coyotes began about 144 6 5 generations or 287-430 yr ago ( Supplemental Table S5 ). In the Great Lakes wolves, segments assigned to wolf ancestry are nearly five times larger and more variable (8016 6 135 Kb) than those assigned to coyotes (1735 6 35 Kb) (Supplemental Fig. S8 ; Supplemental Table S5 ). This difference suggests historic admixture between the two species, followed by a predominance of backcrossing to gray wolf populations. Similarly, coyote ancestry block size is 2.6 times larger and more variable (6198 6 115 Kb) than gray wolf blocks in the red wolf genome (2397 6 49 Kb) (Supplemental Fig. S8A ; Supplemental Table S5 ) and implies extensive backcrossing to coyotes after the initial admixture with gray wolves.
In Midwestern/Southern coyotes (n = 19), blocks of gray wolf and dog ancestry are small (874 6 201 Kb and 2621 6 412 Kb, respectively) and coyote ancestry blocks are much larger (18,837 6 1501 Kb) (Supplemental Fig. S8 ). This disparity is consistent with a model of very limited admixture with gray wolves and dogs, followed by extensive backcrossing to coyotes. An average t of 140 generations for wolf ancestry implies effective admixture with wolves occurring around 280 yr ago, assuming a generation time for coyotes of 2 yr (Bekoff and Wells 1986) . However, individual values show considerable variability in t (range: 39.0-595.6 generations), suggesting a varied history involving differing degrees of admixture and backcrossing at different times ( Supplemental Table  S6 ). In contrast, an average t of 14.6 (range: 7.2-39.4) generations for dog ancestry implies much more recent admixture with dogs. Northeastern coyotes show similar average wolf and dog block sizes of 1110 6 78 Kb and 2397 6 373 Kb, respectively, on a background of an average coyote block size of 9060 6 310 Kb, (Fig. 6) . However, values of t for wolf ancestry fragments in Northeastern coyotes are much less (t = 50.6 6 11.6, range: 48.5-142.0) than those of Midwestern/Southern coyotes, but estimates of time since dog admixture are comparable (t = 15.6 6 1.2) (Supplemental Table  S6 ). These values imply the initial admixture between Northeastern coyotes and gray wolves occurred about 100 yr ago and with dogs about 30 yr ago, given a generation time of 2-3 yr.
Discussion
Population subdivision and relationships of wolf-like canids
Analysis with the canine SNP genotyping array adds considerable resolution at multiple levels to the population structure and relationships of wolf-like canids. First, we showed that even within gray wolves, a species with high dispersal abilities, regional and continental patterns of genetic subdivision are found. Many of these genetic partitions were not identified in previous studies of mtDNA sequence or microsatellite loci (Roy et al. 1994; Vilà et al. 1999) , highlighting the ability of genome-wide SNP surveys to uncover variants unique to individual populations or that differ substantially in allele frequency (Rosenberg et al. 2002; Li et al. 2008; Novembre et al. 2008) . Specifically, Old World wolf populations from Italy, Spain, and Eastern/Northern Europe comprised distinct units that correspond to three well-accepted Ice Age refugia ( Fig. 4; Hewitt 1996 ). Italy and Spain were among the most divergent populations (Italy: mean F ST = 0.15, Spain: mean F ST = 0.11) ( Supplemental Table S3C ), which likely reflect historic Ice Age isolation as well as drift from recent population contractions (Randi and Lucchini 2002; Lucchini et al. 2004; Fabbri et al. 2007; Gray et al. 2009 ). Other genetically distinct populations include Eastern and Northern Europe, China, the Middle East, and Southwest Asia (Fig. 4; Supplemental Fig. S2B ; Supplemental Table S3C ).
Second, in the New World, Mexican wolves appear as the most genetically distinct group, corroborating the hypothesis that this subspecies is a remnant of an ancient invasion from Eurasia and of conservation importance (Fig. 4 ; Garcia-Moreno et al. 1996) . Other genetic partitions were defined in North America as well, including distinct populations on the British Columbian coast, Northern Quebec, and interior North America (Fig. 4) . structure and topological analyses provide limited support for habitat-related population structure that corresponds to Western Coastal, Eastern Atlantic, Rocky Mountain and Boreal forests, and tundra/taiga habitats ( Fig.  4; Supplemental Fig. S5 ; Carmichael et al. 2007; Musiani et al. 2007; Koblmüller et al. 2009; Muñoz-Fuentes et al. 2009 ). These results highlight the importance of using genome-wide surveys to better define and evaluate genetic units for conservation, and further support the notion that in high mobile carnivores, ecology may have an important role in restricting gene flow among populations. Finally, within each population there is strong genealogical structure, with individuals generally assigned to the population from which they were sampled ( Fig. 4; Supplemental Fig. S5 ). This pattern suggests that even for highly mobile species, whole-genome analysis can effectively resolve hierarchies on multiple levels and assay genealogical structure within and among populations.
In contrast to gray wolves, coyote populations are not well partitioned in a structure analysis. As in gray wolves, coyotes have high dispersal ability, and this trait is manifested in their recent colonization of North America over the last 100 yr from a historic geographic range in the American South and Southwest (Kays et al. 2008 (Kays et al. , 2010 , which likely weakened the establishment of genetic structure. Nonetheless, Western, Midwestern/Southern and Northeastern coyote population groupings are suggested by our data (Fig.  4; Supplemental Fig. S2D ; Supplemental Table S3 ). The Northeastern population has been established over the last 70 yr (Kays et al. 2008 (Kays et al. , 2010 and was likely affected by hybridization with Great Lakes wolves throughout the colonization process (see below). The Midwestern coyote population was probably the source for these colonists and is closely related to the Northeastern population in genetic similarity trees (Supplemental Fig. S5 ). More fine-scale patterns of differentiation may be evident given better sampling of specific areas and ecotypes (e.g., Sacks et al. 2004 Sacks et al. , 2005 Sacks et al. , 2008 .
Admixture in enigmatic canids
The evolutionary history of the red wolf is controversial, with three primary theories of its origin as: (1) a distinct North American species most closely aligned with gray wolves of Old World origin;
(2) a species derived independently from a coyote-like ancestor in the New World and possibly conspecific with the Great Lakes wolf; and (3) a hybrid population of coyotes and gray wolves (Supplemental Table S1 ). The red wolf was listed as an endangered species in 1967 because of dwindling populations in the American South and extensive hybridization with coyotes (McCarley 1962; Nowak 1979 ). Prior to extinction in the wild, 14 individuals from this population with supposed red wolf characteristics were chosen for captive breeding (Phillips and Parker 1988; Wayne and Jenks 1991; Hedrick and Fredrickson 2008) . This process may have also unintentionally selected for admixed individuals with a higher proportion of gray wolf ancestry. Nonetheless, our genome-wide analysis of red wolves finds levels of divergence between them and coyotes (F ST = 0.08-0.10) comparable to the level of genetic distinction between gray wolf populations such as European and North American wolves (F ST = 0.08), Great Lakes and Western wolves (F ST = 0.05), coastal B.C. and Northern Quebec wolves (F ST = 0.11), or Mexican and Western gray wolves (F ST = 0.10) (Supplemental Table S3 ). In the PC analysis, coyotes and red wolves are in close proximity on the first two axes, and structure analysis infers substantial coyote ancestry for red wolves (Figs. 3, 4) . Red wolves are only resolved as distinct on more minor PC axes and at K = 9 in the structure analysis. However, caution needs to be used even in the interpretation of this result, because founder effect and inbreeding as well as small effective population size may inflate the probability of a cluster being defined in structure (Pritchard et al. 2000; Anderson and Dunham 2008) .
In both structure and SABER analyses, red wolves appear to have an admixed ancestry with ;75%-80% of their genome attributed to coyotes and the remainder to gray wolves (Figs. 4, 6D ; Supplemental Table S5 ). Detailed assignments of red wolf chromosomal segments found coyote ancestry blocks 2.6 times longer on average than those assigned to gray wolves, and more dispersed in size (Supplemental Fig. S8 ; Supplemental Table S5 ). These results support the hypotheses that red wolves are closely related to coy-otes, but somewhat divergent from them due to a history of limited admixture with gray wolves. Such historic admixture between gray wolves and coyotes was followed by extensive backcrossing to coyotes, as the source population of gray wolves disappeared in the American South and the Southeast. We estimate admixture was initiated 144 generations (287-430 yr) ago, placing it approximately in a period when the Southeast U.S. was being converted to agriculture and predators were intensely hunted for fur or as pests (McCarley 1962; Paradiso 1968; McCarley and Carley 1979; Ferrell et al. 1980) . Previous model-based analysis using microsatellite data also predicted a relatively recent hybridization between the two species, but the time interval was large (0-2500 yr ago) (Reich et al. 1999) . The implications of our results are that a component of the phenotypic distinction of red wolves may be attributed to historic hybridization of distinct populations of gray wolves and coyotes. It has been suggested that hybrids are not clearly protected under the ESA (O'Brien and Mayr 1991) , especially hybrids between nonlisted entities (U.S. Fish and Wildlife Service 1973) . Since a critical aim of the red wolf recovery project is to maintain the introduced population free from hybridization (Hedrick and Fredrickson 2008) , the rationale of the program may need reconsidering as the extant red wolves clearly derive from a process of admixture.
The Great Lakes wolf has generally been considered a subspecies of gray wolf (Canis lupus lycaon) with a distribution centered on the Northern Great Lakes region (for review, see Nowak 2002) . However, recent genetic studies found unique mtDNA haplotypes in Great Lakes wolves that were allied with coyotes and red wolves, as well as shared microsatellite alleles, suggesting that Great Lakes and red wolves may be conspecific or that the former is a distinct species derived from coyotes (Wilson et al. 2000; Grewal et al. 2004; Fain et al. 2010) . Our results show that the Great Lakes wolves are genetically distinct from Western gray wolves (F ST = 0.05), although whether such distinction reflects subspecies, ecotype, or distinct population status is controversial (Cronin and Mech 2009; Koblmüller et al. 2009; Wheeldon and White 2009 ). However, we do not find genomic evidence of an association of Great Lakes wolves and red wolves. In fact, detailed reconstruction of ancestry segments across the genome finds dramatically different patterns in the two species and shows that the Great Lakes wolf genome largely consists of fragments assigned to gray wolf ancestry (>84%) ( Fig. 6C ; Supplemental Table S5 ). Such gray wolf-derived fragments tend to be much longer and more dispersed in size, suggesting extensive recent backcrossing to parental gray wolf populations ( Supplemental Fig. S8 ). The high assignment to gray wolf agrees with the structure analysis that consistently shows admixture varying among individuals with the dominant component being derived from gray wolves. At K = 10, a distinct profile is evident that is typical of other gray wolf ecotypes or geographically distinct populations (Fig. 4) . Further, Great Lakes wolves are clustered with gray wolves in PCA (Fig. 3) . High LD and low ROH support admixture, rather than inbreeding in the Great Lakes wolves (Fig. 5 ). Consequently, our results suggest admixture between a variety of gray wolf and coyotes may have contributed to the distinct phenotype and intermediate size of the Great Lakes wolf (Nowak 2009 ). This intermediate-sized wolf might be better adapted for hunting deer, the dominant prey in the region, rather than larger ungulates found elsewhere, and is a unique example of hybridization contributing to adaptive differentiation in a mammal species (Kays et al. 2010) .
Model-based analysis of chromosome fragments assigned to gray wolves and coyotes suggests that admixture of Great Lakes Table S5 ) (Grewal et al. 2004; Wilson et al. 2009; Rutledge et al. 2010b ). However, extinct coyote-like mtDNA sequences have been described in 400-500-yr-old canid remains from Quebec (Rutledge et al. 2010b) , and the presence of coyote-like mtDNA haplotypes in historic Great Lakes wolves implies that coyote-wolf hybridization has a longer history in the area (Leonard and Wayne 2008; Koblmüller et al. 2009 ). Moreover, pre-Columbian archeological remains establish coyotes in the Great Lakes area, but the reasons for their subsequent disappearance are unclear (Voigt and Berg 1987) . Therefore, Great Lakes wolves may have hybridized with pre-Columbian, as well as contemporary coyotes. More recently, admixture could be augmented by human activities such as predator control and habitat conversion that could favor hybridization with the more common coyote (Lehman et al. 1991) .
Admixture in coyotes
Midwestern/Southern and Northeastern coyotes show a surprising fraction of admixture with gray wolves and dogs, which is maintained to some extent in their descendents who colonized the Great Lakes region and New England. The fraction of ancestry blocks that are associated with gray wolves in the SABER analysis is as much as 13.1% ( Fig. 6I ; Supplemental Table S6 ). structure analyses also suggest limited dog ancestry, and SABER analysis with dogs as a third ancestral population found similar levels overall of dog ancestry in Northeastern (9.1%) and Midwestern/ Southern coyotes (7.5%) ( Supplemental Table S6 ). Recent dogcoyote admixture is likely given the abundance of dogs associated with Native Americans and extensive human habitation of the Eastern US (Schwartz 1997; Morey 2010) . Further, this possibility is supported by morphologic studies and genetic evidence of a doglike mitochondrial DNA haplotype and dog-derived black coat color variants in coyotes of the Southeast (Mengel 1971; Freeman and Shaw 1979; Adams et al. 2003; Schmutz et al. 2007; Anderson et al. 2009; Kays et al. 2010 ; Supplemental Table S1 ). As in red wolves, our results suggest that historic admixture between gray wolves and coyotes began as long as 250-300 yr ago, coincident with the decline and extirpation of the gray wolf in the Midwestern and Southern US. This result reaffirms the importance of relative species abundance to admixture, and suggests that the processes that gave rise to the red wolf may be similar to those leading to admixture in Midwestern/Southern and Northeastern coyotes. The latter display the highest fraction of wolf ancestry and elevated LD relative to ROH (Fig. 5 ; Supplemental Table S5 ), suggesting the effect of recent admixture as coyotes expanded their range through the Great Lakes region beginning early in the last century.
In conclusion, we show how new genomic tools, such as SNP genotyping arrays developed from one species, greatly enhance an understanding of population subdivision and admixture in close relatives. Studies of wolf-like canids with the canine SNP microarray revealed a hierarchy of genetic partitions from individual populations to higher order regional and habitat-related groupings. We find a coyote-wolf admixture zone that stretched from Southern Texas to the Great Lakes and Northeastern US. This admixture zone is the largest in area ever described for a terrestrial vertebrate (Barton and Hewitt 1985; Arnold 1997) and is testimony to the dispersal ability of wolf-like canids as well as the influence of anthropogenic activities. In addition to possible natural and artificial selection for larger individuals (Kays et al. 2010 ), a shared history of coyote-wolf admixture likely contributed to the phe-notypic and genetic similarity of the red wolf and Great Lakes wolf and their classification as conspecific or closely related unique species. Using a genome-wide approach, we show that the red and Great Lakes wolves have a distinct but admixed evolutionary history. This result has important implications for conservation policy, because current preservation efforts are focused on populations whose admixed genomes may be due in part to recent habitat changes and predator control efforts (Lehman et al. 1991; Wayne and Jenks 1991) . However, these concerns must be weighed against the beneficial top-down ecosystem effects that admixed populations have in environments, which now may be unsuitable for large wolves. Such ecologic, rather than strictly taxonomic considerations are also integral to deciding which species and subspecies should be preserved (e.g., Crandall et al. 2000; Allendorf et al. 2001; Carroll et al. 2010) .
Methods
Sample and data collection
We extracted genomic DNA from blood samples collected from 912 domestic dogs (Canis familiaris) and tissue and blood samples from gray wolves (Canis lupus), coyotes (C. latrans), red wolves (C. rufus), Mexican wolves (C. l. baileyi), black-backed jackals (C. mesomelas), Ethiopian wolves (C. simensis), golden jackals (C. aureus), and a side-striped jackal (C. adustus; Supplemental Table  S2 ) (see also Boyko et al. 2010; vonHoldt et al. 2010) . All samples were genotyped on the Affymetrix Canine version 2 genome-wide SNP mapping array, and quality control filters were applied for the genotyping algorithm , from which we obtained a final set of 48,036 high-quality autosomal SNP loci excluding X-chromosome SNPs (48K).
Single-SNP measures of genetic diversity
Single-marker descriptive statistics (e.g., observed/expected heterozygosity, polymorphism, missingness, and pairwise genotype associations) were estimated using PLINK (Purcell et al. 2007 ) for the complete 48K SNP data set. When pedigree data was known (Mexican and red wolf studbooks, or Yellowstone wolf pedigree), only individuals unrelated by at least two generations were included. Additionally, we identified a set of 43,953 SNPs (44K) after exclusion of highly linked SNPs (r 2 > 0.5) for all canids, and an additional subset of 30,168 unlinked SNPs (30K) in coyotes and wolves.
PCA
To visualize the dominant relationships in the 48K SNP genotype data set of all canids, we used the smartpca program distributed in the Eigensoft package for principal component analysis (PCA) (Price et al. 2006) . To determine how SNP ascertainment influences the PCA structure, we selected a set of 710 SNPs ascertained by comparison of only dog and wolf or coyote sequences for PCA with the same sample set (see vonHoldt et al. 2010).
Estimating genetic differentiation and variation
We used an in-house program to calculate Weir and Cockerham's estimate of the F ST parameter between populations and species suggested by PCA, structure, and topological analyses (Weir and Cockerham 1984 ). An allele-similarity (IBS) matrix was constructed for wild canids using PLINK and used as input for ARLEQUIN version 3 in order to analyze molecular variance (AMOVA) within and among population and groups with 9999 permutations for significance testing (Excoffier et al. 2005 
Genetic structure analysis
We used the Bayesian inference program structure (Pritchard et al. 2000) to assess genetic admixture for the 44K pruned SNP data set of 300 individuals: 53 dog breeds (one individual per modern breed), wolves (gray wolf, n = 163; red wolf, n = 12), and coyotes (n = 57) (vonHoldt et al. 2010). To limit the effect of the large number of dogs relative to wild canids, we reduced the sampling of dogs to include only one individual per modern breed (see vonHoldt et al. 2010) . We utilized 10,000 burn-in iterations and 10,000 MCMC iterations in structure, with three repetitions of these parameter settings. The alpha and likelihood statistics were verified to reach convergence before the 10,000 burn-in iterations were completed during each repetition for each number of K populations analyzed.
Linkage disequilibrium analysis
We used PLINK (Purcell et al. 2007 ) to obtain genome-wide pairwise genotypic associations (r 2 ) as an estimate of linkage disequilibrium (LD). Analyses were performed independently on unrelated individuals from the three coyote populations (Western, n = 25; Midwestern/Southern, n = 19; Northeastern, n = 13), three wolf populations (Western, n = 43; Great Lakes, n = 10; and IRNP, n = 3), the red wolf (n = 6), and the Mexican wolf (n = 4). The physical distance at which LD decayed to r 2 = 0.5 (r 2 0.5 ) was estimated for each population grouping (see Gray et al. 2009 ). We assessed runs of homozygosity (ROH) from the pruned 30K SNP set using a hidden Markov model for the same sample set as the LD analysis. We assumed a 1.0-cM/Mb recombination rate and then assigned each ROH to either autozygosity (ROH > 1 Mb) or ancient population event (ROH < 1 Mb) ).
Modeling ancestry and timing of admixture
We used the program SABER (Tang et al. 2006) to assign ancestry to each haplotype block across the genome. SABER utilizes an extended Markov-Hidden Markov Model (MHMM) to account for background LD (Tang et al. 2006 ). We specified a 1.0-cM/Mb recombination rate . We conducted two-ancestor and three-ancestor analyses. Both analyses included 12 individuals each of the Western coyote and Western North American wolf populations as the ancestral reference populations. Additionally, in a three-ancestor model, we included 12 dogs from 12 modern breeds (see Supplemental Material) for analysis of only the Midwestern/Southern and Northeastern coyote populations, because structure analyses suggested that these populations were admixed with dogs. Following previous studies that utilized subsets of ancestry informative markers (AIMs) that are diagnostic of parental populations to enhance haplotype assignment (Tian et al. 2006; Price et al. 2007; Rosenberg et al. 2010 ), we used a subset of 3102 (two-ancestor) and 7183 SNPs (three-ancestor) that had F ST $ 0.4 (see Supplemental Material).
Tree reconstruction
We generated neighbor-joining (NJ) trees based on allele-sharing distances among the subset of nonadmixed individuals for the 48K SNP data set (Supplemental Fig. S5 ) with 1000 bootstrap iterations using the Microsat program (written by E Minch and A Ruiz-Linares, Stanford University, 1996) . The resulting pairwise matrices were used in neighbor from the PHYLIP package, and consensus trees were generated using the majority rule option in the program consense from the PHYLIP package (Felsenstein 1993) . Trees were visualized using Dendroscope (Huson and Richter 2007) .
